1. Background {#sec171905}
=============

Glaucoma affects more than 60 million people worldwide and it is the most common cause of irreversible vision loss ([@A36849R1]). It is a term describing a group of ocular disorders with multifactorial etiology united by a clinically characteristic intraocular pressure-associated optic neuropathy ([@A36849R2]). The optic nerve (ON) is mainly constituted of retinal ganglion cell (RGC) axons and these axons leave the eye by passing through the lamina cribrosa (LC). The LC and peripapillary sclera (ppSC) have a barrier function between the intraocular and retrobulbar spaces ([@A36849R3]). As the pressure in the intraocular space is higher than the retrobulbar space, biomechanical resistance of the LC is also important for both anatomical and functional stability of the ON. Increased cupping of the ON head is a finding of glaucoma ([Figure 1](#fig32118){ref-type="fig"}). The LC region of the ON is thought to be the primary location of the RGC axonal insult in glaucoma ([@A36849R4]).

![Optic disc appearance of normal (A) and glaucomatous (B) eyes. Advanced cupping of optic disc could be seen in glaucomatous eye.](iranjradiol-13-02-36849-g001){#fig32118}

Evaluation of the biomechanical properties of ocular tissues has the potential to provide invaluable information that aids in the diagnosis and management of many eye diseases, including glaucoma ([@A36849R5]). The ocular response analyzer (ORA, Reichert Ophthalmic Instruments, Depew, NY) is a relatively new device capable of measuring the biomechanical properties of the cornea ([@A36849R6]). The ORA measures four main parameters: corneal hysteresis (CH), corneal resistance factor (CRF), Goldmann correlated intraocular pressure (IOP~G~), and corneal compensated intraocular pressure (IOP~CC~). The ORA obeys the non-contact tonometry principles. The liberation of an accurately measured air pulse applies an air puff to the cornea. CH is the difference between pressure values acquired during first and second applanations (P1 and P2) and it is a measure of corneal viscoelasticity. CRF is calculated using the formula P2-0.43P1 and it is an indicator of the overall resistance of the cornea. IOP~CC~ is a measure of intraocular pressure that is free of corneal influence and IOP~G~ is defined as the average of P1 and P2. Although the ORA is a reliable device to evaluate corneal resistance, it cannot evaluate the biomechanical properties of the other anatomical locations of the eye, especially LC, which is important for glaucoma pathogenesis.

The most important risk factor for glaucoma is high intraocular pressure (IOP) and IOP reduction is the only proven treatment for glaucoma. However, there is a wide range of individual susceptibility to IOP. Biomechanical properties of LC and ppSC have a partial role in individual susceptibility to IOP. Recent studies have contributed to a new understanding of the mechanical interactions between the LC and ppSC and how the alterations of these structures potentially affect the susceptibility of RGC axons to glaucomatous damage ([@A36849R7]-[@A36849R10]). Structural alterations in the collagen and elastic fibers of the LC and ppSC have been reported in transmission electron microscopy studies in post-mortem human glaucomatous eyes ([@A36849R11]). Biomechanical changes in the LC and ppSC have also been shown in glaucomatous eyes ([@A36849R12]). Therefore, the importance of alterations in the biomechanical properties of the LC and ppSC is known in glaucoma pathogenesis. Unfortunately, there is no direct in vivo method to evaluate the biomechanical properties of the LC, ppSC, and ON.

Elastography is a new, non-invasive ultrasonographic imaging technique providing the structural stiffness data to understand material properties indirectly as an addition to conventional grayscale ultrasonography findings. There are four types of elastography techniques: strain, transient, shear wave elastography, and acoustic radiation force impulse imaging. The new generation real-time quantitative elasticity imaging technique, shear wave elastography (SWE), has been recently introduced and successful studies concerning breast, thyroid, liver, and musculoskeletal system have been reported ([@A36849R13]-[@A36849R18]). SWE has a different application philosophy regarding strain elastography. This technique does not use compression-decompression effects to obtain stiffness information. It delivers shear waves to represent the quantitative stiffness values in kilopascals (kPa). The theoretical advantage of SWE is that it provides compression-free information on shear wave speed as acoustic radiation force impulses (ARFI) do in a 2-D area of varying centimeters, but not in point or line as do ARFI or transient elastography. SWE applies radiation force impulses focused at various depths while ARFI's radiation force focuses at a constant depth.

2. Objectives {#sec171906}
=============

The aims of the current study are to determine the potential role of SWE in evaluating the elasticity properties of the ON and ppSC and to compare these parameters between healthy subjects and glaucoma patients. To the best of our knowledge, the use of SWE for the biomechanical properties of the ppSC and ON has not been studied previously.

3. Patients and Methods {#sec171910}
=======================

This study was conducted in the ophthalmology and radiology departments of Istanbul University, Cerrahpasa Medical Faculty between March 2013 and March 2014. The study included 42 eyes of 21 consecutive primary open-angle glaucoma patients and 42 eyes of 21 healthy volunteers, for a total of 84 eyes. Written informed consent was obtained from all patients and healthy volunteers. The study was approved by the local ethics committee of Istanbul University and was designed in accordance with the declaration of Helsinki.

The control group consisted of age- and sex-matched healthy volunteers from hospital employees. Study and control groups underwent ophthalmological evaluation; measurements were taken by experienced ophthalmologists (NT, AO) in the Ophthalmology Department. An experienced radiologist (FK, six years of experience in the US, three years of experience with elastography) who was blind to the clinical information performed sonographic and elastographic evaluations. The patients were under the control of medication therapy; ten of them (47.6 %) were less than three years, eight of them (38.1 %) between three to five years, and three of them (14.3 %) were more than 5 years. The patients who had any ocular disease or who underwent ocular surgery were not included in the study.

3.1. Ophthalmological Evaluation {#sec171907}
--------------------------------

Consecutive volunteers with a diagnosis of refractive error less than 3.00 diopters constituted the control group and patients with glaucoma formed the glaucoma group. All subjects underwent a comprehensive ophthalmological examination, including Goldmann Applanation Tonometry (GAT) and fundoscopy. Humphrey visual field tests, which had been done within the last three months before SWE measurements, mean deviation (MD) and pattern standard deviation (PSD) parameters, and cup-to-disc ratios (C/D) were obtained from the medical charts of subjects with glaucoma. MD indicates the total amount of visual field loss and PSD indicates the focality of visual field loss ([@A36849R19]). The unit of measure for both MD and PSD is the decibel (dB). An enhanced glaucoma staging system (eGSS) was used to determine the stage of glaucoma ([@A36849R20]). Central corneal thickness (CCT) was measured with an ultrasound pachymeter (US 4000, Nidek, Japan). An ocular response analyzer (ORA, software 2.04, Reichert Ophthalmic instruments, Depew, NY) was used to measure CH, CRF, IOP~CC~, and IOP~G~.

3.2. Radiological Evaluation {#sec171908}
----------------------------

After ophthalmologic examination, patients underwent radiological evaluation on the same day. All examinations were performed with the Aixplorer US system (SuperSonic Imagine, Aix-en-Provence, France) equipped with a 4 -- 15 MHz linear transducer. Sonographic measurements were taken in a supine position. The patients were told to look at a constant marker on the ceiling while the eyelids were closed and not to move their eyes. A probe was placed on the upper lids of closed eyes in the axial plane of the orbit and an angulating probe was placed about 15 -- 30° caudally to better visualize the ON. In grayscale sonography, eyes were scanned for any possible morphologic pathology due to intraocular diseases and masses. The anterior-posterior diameter of the vitreous chamber, transducer to fovea distance, and mediolateral diameter of the intraorbital ON just adjacent to the intraocular part were measured ([Figure 2](#fig32119){ref-type="fig"}).

![Grayscale sonography evaluation of the orbit. A, Measurement of optic nerve thickness just adjacent to the orbit; B, In the same region, measurement of transducer to fovea distance and C, Anterior-posterior diameter of the vitreous chamber.](iranjradiol-13-02-36849-g002){#fig32119}

After grayscale examination, the SWE was performed. Ten healthy control subjects were selected for the purpose of standardization of the elastographic technique. These subjects were not included in the study and statistical analyses. During SWE, aiming to avoid any compression effect of the transducer, the operator placed the transducer onto the eyelid with light contact using excessive gel and kept the transducer stationary during acquisitions. If possible, a gap between the probe and eyelid was maintained. The patients were instructed not to move their eyes to obtain accurate measurements.

The machine software displayed elastograms as an overlay in dual mode (vertical/horizontal) simultaneously with grayscale images. The sonography window was adjusted to the region of interest. An adjustable rectangular electronic box, which was automatically provided by the system software, was placed on the elastogram screen. The electronic box displayed the tissue stiffness in real-time using a chromatic scale (spectrum from blue to red) indicating low to high shear modulus (stiffness). The integrated SWE software allowed for placement of circular regions of interest (ROIs) of various diameters within the elastography window and automatically displayed shear modulus data (in kilopascals, kPa) for the ROIs. The sizes of the ROIs were fixed to 2 mm in all cases. The ROIs were placed on four different parts of the eye: the nasal and temporal sides of the perineural sclera and the distal and globe conjugating parts of the ON. The mean stiffness values and standard deviation data within each ROI were obtained. Care was taken not to place the circular ROIs outside the ON and sclera ([Figure 3](#fig32120){ref-type="fig"}).

![Shear wave elastography evaluation of the optic nerve and perineural sclera. Measurements were taken from nasal and temporal sides of perineural sclera, distal, and globe conjugating part of the optic nerve by the help of ROI placement.](iranjradiol-13-02-36849-g003){#fig32120}

3.3. Statistical Analysis {#sec171909}
-------------------------

Statistical analyses were performed using SPSS software (version 16.0, SPSS Inc., Chicago, IL, USA). The maximum and mean stiffness within the ROIs were expressed as the mean of three different measurements. The Kolmogorov--Smirnov test was used to analyze the normal distribution of data. Differences in age, IOP~CC~, IOP~G~, CH, CRF, cup to disc (C/D) ratio, vitreous diameter, orbit's diameter, ON diameter, and shear elastic modulus data of the perineural sclera and ON of patients with and without glaucoma were evaluated using the Mann--Whitney U test. All measurements are expressed as mean ± two standard deviations. All of the SWE data was correlated to ophthalmologic measures using a Spearman Correlation test. A P value \< 0.05 was considered to be statistically significant.

4. Results {#sec171911}
==========

[Table 1](#tbl43653){ref-type="table"} represents the mean patient age and the grayscale sonographic and ocular findings of patients diagnosed with glaucoma and healthy controls. All of the patients were Caucasian. There were no statistically significant differences between the two groups in terms of age (P = 0.07) and gender (P = 0.711). All ORA parameters were significantly different between the glaucoma and control groups except for CRF. CH was lower in the glaucoma group (9.7 ± 1.5) compared to the control group (10.9 ± 1.3) (P = 0.002). IOP~CC~ and IOP~G~ were higher in the glaucoma group compared to the control group (P \< 0.0001 for both), confirming the disease. The mean MD and PSD values were (-5.8 ± 8.2) and (5.0 ± 4.5), respectively. The mean C/D ratio was 0.53 ± 0.23 in the glaucoma group. Of the 42 eyes in the glaucoma group, 24 (57%) had stage I, 8 (19%) had stage II, 3 (7%) had stage III, 4 (10%) had stage IV, and 3 (7%) had stage V glaucoma according to eGSS classification.

###### The Grayscale Sonography and Oculometric Findings of Patients Diagnosed With Glaucoma and Normal Controls

                                 Glaucoma       Control        P Value
  ------------------------------ -------------- -------------- ----------
  **Patient's Age, y**           61.29 ± 9.76   60.10 ± 10.2   0.07
  **Globe AP diameter, mm**      22.29 ± 1.42   22.43 ± 1.30   0.496
  **Vitreous AP diameter, mm**   18.84 ± 0.93   18.97 ± 0.98   0.607
  **Optic nerve diameter, mm**   3.07 ± 0.73    3.51 ± 0.83    0.009
  **IOP** ~**CC**~               19.76 ± 3.37   14.91 ± 2.90   \< 0.001
  **IOP** ~**G**~                19.01 ± 3.45   14.89 ± 3.28   \< 0.001
  **CH**                         9.74 ± 1.53    10.87 ± 1.31   0.002
  **CRF**                        10.93 ± 1.68   10.74 ± 1.61   0.619
  **C/D Ratio**                  0.53 ± 0.23    0.23 ± 0.04    0.000

Abbreviations: AP; anteroposterior, C/D; cup to disc, CH, corneal hysteresis; CRF, corneal resistance factor; IOPCC, corneal compensated intraocular pressure; IOPG, Goldmann correlated intraocular pressure.

Grayscale sonography of the orbit allows for morphological evaluation. Globe and vitreous axial diameters were not significantly different in the two groups. ON diameters were significantly different between the two groups; thinner ONs were found in glaucomatous eyes (3.54 ± 0.83 vs. 3.07 ± 0.73 mm, respectively, P = 0.009). In addition, the ON diameter was inversely correlated with the C/D ratio (Pearson r = -257, P = 0.009).

The mean stiffness values were obtained from both horizontal sides of the ppSC and intraorbital parts of the ON. The mean stiffness values were significantly higher in glaucoma patients for each measured region (P \< 0.05; [Table 2](#tbl43654){ref-type="table"}). While investigating the correlations of these differences, the important points were noted. Increased stiffness values of both nasal and temporal perineural scleral and intraorbital distal parts of ON were inversely correlated with the ON diameter (Pearson r = -0.259, -0.274, and -0.200, respectively). In addition to the significant correlation of ON diameter with the C/D ratio, the mean stiffness values of the temporal and nasal parts of the sclera and the distal part of the ON were correlated with the C/D ratio (Pearson r = 0.310, 0.319, and 0.265, respectively). There was no correlation between visual field parameters and elastography parameters.

###### Shear Wave Elastography Findings of Patients Diagnosed With Glaucoma and Normal Controls

                                                              Glaucoma        Control         P Value
  ----------------------------------------------------------- --------------- --------------- ---------
  **Optic nerve distal mean elastic modulus, kPa**            22.03 ± 17.8    17.3 ± 13.3     0.005
  **Optic nerve distal end mean elastic modulus, kPa**        19.36 ± 14.28   12.6 ± 8.9      0.005
  **Perineural sclera, nasal mean elastic modulus, kPa**      89.01 ± 44.33   66.30 ± 24.06   0.006
  **Perineural sclera, temporal mean elastic modulus, kPa**   71.80 ± 39.28   52.6 ± 28.30    0.017

5. Discussion {#sec171912}
=============

In this study, we demonstrated a novel use of SWE technology to evaluate the biomechanical properties of the ppSC and ON and studied whether these elasticity measurements correlated with any clinical variables in glaucoma patients. As is known, there is currently no available in vivo method to evaluate the biomechanical properties of the ppSC and ON. Evaluations in the study showed that the mean stiffness values were significantly higher in the perineural sclera's nasal and temporal regions and the ON in glaucomatous eyes compared to healthy controls (P \< 0.05).

Chronic high intraocular pressure may increase the structural stiffness of the ppSC and directly lead to LC deformation ([@A36849R21]). It is well known that the deformative changes of the ppSC develop under the strain and stress of the disease course and may have potential roles in glaucoma pathogenesis. Chronic intolerably high IOP may cause biomechanical changes in the ppSC and it may affect the susceptibility of ganglion cell axons. Hence, it is important to show ppSC changes when attempting to understand the effect of IOP on the ON head.

Changes that occur in the ON are the most prominent features of glaucomatous damage. Studies on the morphology of the ON head in monkeys ([@A36849R22], [@A36849R23]) and ON head biomechanics in humans ([@A36849R8], [@A36849R24]) have increased our knowledge about the biomechanics of the ON head and peripapillary structures in glaucoma. These studies all underline the significant deformative/degenerative changes in the material properties and architecture of the ppSC as well as the ON, hence aiding the understanding of the impact of glaucomatous disease. Higher stiffness values among glaucoma patients in the current study may be a reflection of direct/indirect effects of the intolerably high IOP on the target tissues. Higher elasticity may also be a predisposing risk factor in glaucoma development and vice versa. However, we showed no histopathological correlation with SWE findings.

The stiffness values were correlated inversely with the mean thickness of the ON, which was lower in glaucomatous patients (3 mm) than in normal eyes (3.5 mm; P \< 0.05). Furthermore, the C/D ratio, which is an important ophthalmoscopy finding, was well correlated with stiffness values. We did not find a correlation between visual field (i.e., MD and PSD) and elastography parameters. We have two possible explanations for this finding. First, our sample size was not large and most of the glaucoma patients included in the study had mild to moderate glaucoma. Therefore, their functional damage may be associated with less anatomic and morphologic damage. Visual field parameters reflect the functional status of the ON and functional damage has been reported to be affected relatively late, compared to anatomical changes, in the course of glaucoma. Second, peripapillary stiffness increases in glaucomatous patients may be a preliminary indication of glaucoma rather than a result of glaucomatous damage. As a potential prognostic factor, stiffness increases might be discovered in the early stages of the disease.

Herein, we investigated the usefulness of SWE in in vivo evaluation of the ON and peripapillary structures in glaucomatous eyes and healthy control eyes. There were significant differences in the stiffness values of the ON and peripapillary structures in glaucomatous and healthy eyes with SWE. Also, our results obtained from SWE were correlated with the C/D ratio, which indicates the severity of glaucoma and IOP, which is the main parameter of follow up for ophthalmologists. The correlations between the C/D ratio, ON diameter, and higher SWE measures suggested that SWE has the potential to aid in the diagnosis of glaucoma. Interestingly, beyond a glaucomatous impact, SWE did not indicate a high correlation with IOP increases directly. The results were correlated with the degenerative changes in the ON and ppSC.

The optic nerve color coding in SWE imaging is a bit slower than the peripapillary sclera. Gennison et al. published a study on SWE imaging that investigates the effect of muscle fiber orientation on SWE imaging ([@A36849R8], [@A36849R24]). A significant difference of SWE values was revealed in different orientations of probe, parallel or perpendicular, on the muscle. However, there was no way to image the optic nerve in parallel orientation with ultrasonography probe in our study. In all cases, we obtained SWE values of the optic nerve regardless of the patient characteristics. Hence, the study depicts the glaucoma effect on the optic nerve and does not intend to suggest a diagnostic threshold level.

In a recent study, Agladioglu et al. investigated the elasticity index and strain ratio of orbital and retro-orbital structures in glaucomatous patients by strain elastography imaging ([@A36849R25]). According to this study, there were no statistical differences in the strain elasticity index of these structures between glaucomatous patients and healthy controls. For instance, there was a statistical difference in the strain ratio of anterior and posterior vitreous among glaucomatous eyes and the healthy controls. First, semi-quantitative methodology of the strain elastography might be the cause of insignificant results. Secondly, investigating such a small area with the strain elastography is subjective regarding SWE, which can evaluate the 2 mm thin areas quantitatively by small ROI calibrating. Furthermore, fluid content of the vitreous might have an insufficient inductive role of mechanical compression due to the elastic nature of vitreous.

Although considerable differences were noted between glaucomatous and normal eyes in general, an overlap of stiffness between patients with glaucoma and healthy controls was noticed. This may be due to other factors playing a role in the pathogenesis of glaucoma. Two main limitations of the current study include a small sample size and relatively small number of patients with advanced glaucoma. As this is the first in vivo study, further studies with a larger patient sample size are needed.

Initial findings suggest that the method has potential use in the disease. The representation of glaucomatous damage should deliver new insights for patient evaluation. Patients with restricted ophthalmologic evaluation due to red eye, leucoria, and cataract disease are potential subjects of the SWE imaging. Long-term evaluation of glaucoma damage to optic nerve could be accomplished before field of view injury develops.

In conclusion, this manuscript discusses evaluating the biomechanical properties of peripapillary tissue in glaucoma in vivo. The study compared elasticity parameters in healthy subjects and glaucomatous patients. We found that the SWE technique is potentially a valuable tool for evaluation of the peripapillary region, particularly in glaucoma. We observed stiffer ppSC and ON SWE values in eyes with glaucoma and the elastography values were correlated with anatomical parameters. Further studies on how best to use SWE for the diagnosis and risk evaluation of glaucoma and other optic neuropathy diseases are needed.
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